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APPARATUSES AND METHODS FOR AUTOMATIC WAVELENGTH LOCKING OF 
AN OPTICAL TRANSMITTER TO THE WAVELENGTH OF AN INJECTED 

INCOHERENT LIGHT SIGNAL 

RELATED APPLICATIONS 

[001] This application claims the priority under 35 U.S.C. sections 1 19 (a) and 365 
(b) of the South Korean Patent Application entitled Temperature control method for 
automatic wavelength locking of a Fabry-Perot laser diode to the wavelength of the 
injected incoherent light" Serial No. 2002-57223. filed September 19, 2002. 

FIELD 

[002] Embodiments of this invention relate to wavelength locking of an optical 
transmitter to the wavelength of an Injected incoherent light signal. More particularly, 
an aspect of an embodiment of this invention relates to wavelength locking of an optical 
transmitter to the wavelength of an injected incoherent light signal in a wavelength- 
division-multiplexing optical network. 

BACKGROUND 

[003] Various light sources may be used for wavelength-division-multiplexing in 
optical transmission equipment to- generate light of a desired wavelength. Some light 
sources may not stably generate light of a desired wavelength, and may not have a 
narrow line width for reduced color dispersion. In addition, these light sources may not 
have a large side mode suppression ratio for reduced crosstalk with adjacent channels. 
Thus, the light sources may not be optimal for use in a wavelength-division-multiplexing 
optical network. Some light sources, such as a narrow band distributed feedback laser, 
may not be economical for mass distribution in an optical communication system. 

SUMMARY 

[004] Various methods, systems, and apparatuses are described in which an optical 
network Includes an optical transmitter, a controller and a detector. The optical 
transmitter has a resonance wavelength characteristic that varies with the refractive 
index of the optical transmitter. The optical transmitter receives a nanrow band Injected 
wavelength signal from an Incoherent light source. The controller substantially matches 
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a resonant wavelength of the optical transmitter to the wavelength of the injected 
wavelength signal by changing the refractive index of the optical transmitter to 
substantially match the resonant wavelength of the optical transmitter and the 
wavelength of the injected wavelength signal. The detector measures a parameter of 
the optical transmitter to provide a feedback signal to the controller to determine when 
the resonant wavelength of the optical transmitter and the wavelength of the injected 
wavelength signal are substantially matched. 

[005] Other features and advantages of the present Invention will be apparent from 
the accompanying drawings and from the detailed description that follows below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[006] The present invention is illustrated by example and not limitation in the figures = 
of the accompanying drawings, in which like references indicate similar elements and. in ■ 
which: 

Figure 1 illustrates a block diagram of an embodiment of an optical network 
wavelength locking the resonant wavelength of the optical transmitter to the wavelength 
of the injected wavelength signal by shifting a refractive index of the optical transmitter; 

Figure 2 illustrates a graph of an example curve of bias current verses operating - 
temperature of the optical transmitter when the incoherent light signal is injected into 
the optical transmitter; 

Figures 3A through Figures 3P illustrate eye diagrams and graphs of a spectrum 
of incoherent light injected to an optical transmitter at five different operating 
temperatures of the optical transmitter; 

Rgure 4 illustrates the eye diagrams and graphs of the output spectrum at the 
nine different operating temperatures of the optical transmitter shown in Figure 2; 

Figure 5A illustrates a graph of temperatures of an embodiment of the optical 
transmitter based upon receiving a feedback signal over time when a narrow band 
signal with an arbitrary wavelength is injected into the optical transmitter and the 
corresponding output graphs and eye diagrams; 

Figure 6A and Figure 6B illustrate graphs of the curve of bit en-or ratio measured 
before and after applying the wavelength matching method shown in Figures 5A-5G; 
and 
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Figure 7 illustrates a block diagram of an embodiment of a wavelength-division- 
multiplexing passive-optical network using an optical transmitter cooperating with a 
controller and a detector. 

DETAILED DESCRIPTION 

[007] in general, various optical networks are described. For an embodiment, an 
optical network includes an optical transmitter, a controller and a detector The optical 
transmitter has a resonance wavelength characteristic that varies with the refractive 
index of the optical transmitter such as a Fabry-Perot laser diode. The optical 
transmitter receives a narrow band injected wavelength signal from an incoherent light 
source. The controller, such as a temperature controller, power controller, etc., 
substantially matches a resonant wavelength of the optical transmitter to the 
wavelength of the injected wavelength signal by changing the refractive index of the 
optical transmitter. The controller may change the refractive index of the optical 
transmitter by, for example, controlling the operating temperature of the optical 
transmitter or changing the bias current supplied to the optical transmitter. The detector 
measures a parameter of the optical transmitter, such as the bias current through the 
optical transmitter or the optical power from the optical transmitter, to provide a 
feedback signal to the controller to deterrnine when the resonant wavelength of the 
optical transmitter and the wavelength of the injected wavelength signal are 
substantially matched. The refractive index (n) of an optical transmitter may be the 
ratio of the velocity of propagation of an electromagnetic wave in vacuum to its velocity 
in the active medium of the optical transmitter. 

[008] Figure 1 illustrates a block diagram of an embodiment of an optical network 
wavelength locking a resonant wavelength of the optical transmitter to the wavelength 
of an injected wavelength signal by shifting a refractive index of the optical transmitter. 
The optical network 100 may include a broadband light source 102 such as a Erbium- 
doped fiber amplifier, an optical shutter 104, an optical circulator 106, a band pass filter 
108, an optical coupler 1 10, an optical switch 1 12, an optical spectrum analyzer 1 14, an 
optical transmitter 116 that has a resonance wavelength characteristic that varies with 
the refractive index of the optical transmitter 1 16 such as a Fabry-Perot laser diode, 
etc., a thermo-electric cooler 1 18, a temperature sensor 120 such as a resistance 
temperature detector, a thermistor, etc., an optical power detector 122 such as a 
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monitor photo-diode, an automatic power controller 124, an automatic temperature 
controller 126, a modulator 128 such as a psuedo-random bit sequence by a pulse 
pattern generator 130, a bit error ratio detector 132, a multiplexer/demultiplexer such as 
an arrayed-wavegulde grating 134, an optical variable attenuator 136, an optical power 
meter 138, a receiver 140, and a computer 142. 

[009] An optical transmitter 116, such as a Fabry-Perot laser diode, may need 
adjustments to optimize wavelength locking to the wavelength of an injected incoherent 
light signal from the broadband light source 1 02. The wavelength of the oscillation 
modes of the optical transmitter 116 shift as its refractive index changes.. The 
bandwidth of a cavity mode of the optical transmitter 116 may be shifted to include the 
wavelength of the injected incoherent signal. 

[GDI 0] The example optical network 1 00 may check the degree of wavelength 
locking and the results of wavelength locking the optical transmitter 116. The refractive 
index of the optical transmitter 116 may be controlled by controlling the temperature of 
the optical transmitter 116 and/or a bias current supplied to the optical transmitter 116. 
The feedback signal to control the refractive index of the optical transmitter 116 may be 
based on the actual temperature the measurement value of a temperature sensor 120 
located near the optical transmitter 116, the average current of the optical transmitter 
1 16, the average received optical power of the monitor photo-diode 122, a combination 
of these parameters, or some other similar monitored parameter The temperature 
controller 118 cooperates with the feedback loop to try to maintain a wavelength : 
matched temperature setting for the optical transmitter 1 16 by measuring the average 
current of the optical transmitter 1 16 or the average received optical power of the 
monitor photo-diode 122. The measured average current of the optical transmitter 116 
and the measured average received optical power of the monitor photo-diode 122 differ 
according to the refractive index of the optical transmitter 116 and whether the resonant 
wavelength of the optical transmitter 116 and the wavelength of the injected wavelength 
signal are wavelength locked. 

[0011] The incoherent light source 102 injects a narrow band wavelength the optical 
transmitter 116. The incoherent light source 102 supplies the narrow band optical 
signal to the optical transmitter 116 through the optical shutter 104, the optical circulator 
106, the band pass filter 108, and the optical coupler 110. The automatic power 
controller 124 controls the average current flowing into the optical transmitter 116. The 
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automatic temperature controller 118 maintains the temperature of the optical 
transmitter 1 16 to a set temperature by controlling the direction and strength of current 
flowing to the thermo-electric cooler 1 1 8. The automatic temperature controller 118 
directs the temperature emitted from the thermo-electric cooler 1 18 so that the 
measurement value of a temperature sensor 1 20 located near to the optical transmitter 
1 16 is maintained at a level Indicated by the feedback signal that the wavelengths are 
matched. The temperature controller 118 adjusts the temperature of the optical 
transmitter 116 and uses the feedback signals from the monitored parameters to 
determine when the resonant wavelength of the optical transmitter 116 and the 
wavelength of the injected wavelength signal are wavelength locked. 
[0012] For example,: the temperature controller 118 controls the average operating 
temperature of the Fabry-Perot laser diode 1 16 so that an average optical power . 
received at the monitor photb-diode 122 coupled to the back facet of the Fabry-Perot 
laser diode 1 16 is maintained at approximately its maximum level. Similarly, the n 
temperature controller 118 may control the average operating temperature of the Fabry- 
Perot laser diode so that an average bias current flowing Into the Fabry-Perot laser 
diode 116 indicates a dip from Its typical linear slope. 

[0013] Current flowing to the optical transmitter 1 16 can be divided into bias current 
and modulation current. The bias current is typically a direct current and the 
modulation current is typically an alternating current. The automatic power controller 
124 may determine the average of the total of the two currents. The automatic power 
controller 124 provides current control to the driver 144 so that the average received 
optical power of the monitor photo-diode 122 located at the back facet of the Fabry- 
Perot laser diode 1 16 is maintained at a substantially maximum level. 
[0014] The automatic power controller 124 may also control the average current 
flowing into the Fabry-Perot laser diode 1 16 so that an average optical power received 
at the monitor photo-diode 122 coupled to the back facet of the Fabry-Perot laser diode 
1 1 6 is maintained at approximately its maximum level. 

[0015] Figure 2 illustrates a graph of an example curve of bias current verses 
operating temperature of the optical transmitter when the Incoherent light signal is 
injected into the optical transmitter. In general, the measured bias current 202 of the 
optical transmitter gradually increases as temperature 204 increases. However, around 
the operating temperature where wavelength locking is well matched between the 
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resonant wavelength of the optical transmitter and the wavelength of the Injected 
wavelength signal bias current decreases locally in a dip from Its typical linear slope. 
For example, around 27.35 degrees Celsius of the optical transmitter, the bias current 
202 through the optical transmitter decreases from an increasing trend at around 5.8 
ma to 5.0 ma. Similarly, around 17.91 and 36.08 degrees Celsius of the optical 
transmitter, the bias current 202 through the optical transmitter decreases as a local dip 
from the increasing trend. 

[0016] Also, most of the Injected incoherent light penetrates the optical transmitter 
to be received by the optical power detector when the temperatures are at a point 
where wavelength locking is substantially matched. A graph of the measured optical 
power may be the inverse of the measured bias current verses operating temperature 
of the optical transmitter curve, when the automatic power controller is not working. 
Most of the injected incoherent light penetrates the Fabry-Perot laser diode to be 
injected to the monitor photo-diode at the temperatures where wavelength locking is 
' well matched. Thus, when wavelength locking is well matched, the measured optical : 
power achieves a local crest or maximum measured optical power level. 
[0017] In operation, the automatic power controller injects more bias current to the 
optical transmitter when the output optical power of the optical transmitter decreases. 
: The automatic power controller adjusts the bias current of the optical transmitter to the 
strength of the light received by the optical power detector. The automatic power 
controller adjusts to decrease the bias current supplied to the optical transmitter as the 
optical power detector receives a stronger optical signal. 

[0018] Optical transmitters may have more than one cavity mode in which to have a 
resonant wavelength with the injected incoherent signal. In the graph, the phenomenon 
that the bias current decreases locally is repeated. The bias current decreases locally 
because wavelength locking with the injected incoherent light may occur in any of the 
cavity modes. In this example, the oscillation modes of the Fabry-Perot laser diode 
occur at intervals of 0.8nm wavelengths as temperature increases. 
[0019] Therefore, if the temperature controller continuously changes the 
temperature of the optical transmitter based on the feedback signal to the temperature 
where bias current that flows into the Fabry-Perot laser diode decreases, then the 
wavelength of the Fabry-Perot laser diode is automatically locked to the wavelength of 
the injected incoherent light signal. 
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[0020] Figure 3 illustrates example eye diagrams and graphs of an example 
spectrum of Incoherent light injected to an optical transmitter at five different operating 
temperatures of the optical transmitter. 

[0021] A first graph 302 illustrates the example spectrum of incoherent light to be 
injected. As shown in first graph 302, the example peak power of an arbitrary injected 
incoherent light was -21 dBm/ 0.06 nm at a peak wavelength of about 1550.3 nm. 
[0022] The second graph 304 through the sixth graph 306 illustrate the wavelengths 
of the oscillation modes of the optical amplifier at the five different operating 
temperatures of the optical transmitter. As shown in second graph 304 through the 
sixth graph 306, the wavelength of the oscillation modes of the optical transmitter shift 
according to temperature of the optical transmitter. For example In the second graph 
304, at 25.9 degrees Celsius the wavelength of the first oscillation mode is 1548.4 nm. 
In the fourth graph 308, at 29.55 degrees Celsius the wavelength of the first oscillation 
mode is 1548.8 nm. 

[0023] The seventh graph 314 through the eleventh graph 322 illustrate the 
example output spectrum at the five different operating temperatures of the optical 
transmitter measured after injecting incoherent light. The twelfth graph 324 through the 
sixteenth graph 332 illustrate eye diagrams corresponding to the seventh graph 314 
through the eleventh graph 322. 

[0024] As shown In the eight graph 316 and the ninth graph 318 , at operating 
temperatures of the optical transmitter of 27.35 degrees Celsius and 29.55 degrees 
Celsius, wavelength locking was well matched evidenced by a high side mode 
suppression ratio of 25dB and 23dB respectively. Also, as shown In the thirteenth 
graph 326 and the fourteenth graph 328, at operating temperatures of the optical 
transmitter of 27.35 degrees Celsius and 29.55 degrees Celsius, wavelength locking 
was well matched evidenced by that the eye diagram were also clear. 
[0025] As shown in the seventh graph 314, tenth graph 320, and eleventh graph 
322, when the resonant wavelength of the optical transmitter and the wavelength of the 
Injected wavelength signal were not substantially matched poor side mode suppression 
ratio were achieved. As shown in the twelfth graph 324, fifteenth graph 330, and the 
sixteenth graph 332, when the resonant wavelength of the optical transmitter and the 
wavelength of the injected wavelength signal were not substantially matched the eye 
diagram were also unclear. 
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[0026] Thus, the optical power coming from the optical transmitters may be 
monitored to determine when the resonant wavelength of the optical transmitter and the 
wavelength of the injected wavelength signal are substantially matched. Further, the 
operating temperature of the optical transmitter can be maintained at two or more 
different operating temperatures to wavelength lock the resonant wavelength of the 
optical transmitter and the wavelength of the Injected wavelength signal. 
[0027] Figure 4 illustrates the example eye diagrams and graphs of the output 
spectrum at the nine different operating temperatures of the optical transmitter shown In 
figure 2. The different operating temperatures of the optical transmitter are 1 7.91 , 
23.38, 25.9, 27.35, 29.55. 32.43, 34.62, 36.08, 41.3 degrees Celsius. 
[0028] The first graph 402 through the ninth graph 41 8 illustrates the example 
output spectrum and corresponding eye diagrams at the nine different operating 
temperatures of the optical transmitter measured after injecting Incoherent light. 
[0029] As shown in the first graph 402, the fourth graph 408, and the eight graph 
416, at the operating temperatures of the optical transmitter of 17.91, 27.35 and 36.08 
degrees Celsius, wavelength lodging was well matched evidenced by a high side mode 
suppression ratio and clear eye diagrams. The operating temperatures of the optical 
transmitter at 17.91, 27.35 and 36.08 degrees Celsius correspond to the same three 
operating temperatures in Figure 2 where the bias current decreased locally in a dip 

: from its typical linear increasing slope. . 

, [0030] Thus, the temperature controller may alter the operating temperatures of the 
optical transmitter until a current detector supplies an indication of this local dip in bias 
cunrent or the optical power monitor supplies an indication of high side mode 
suppression ratio and clear eye diagrams. 

[0031] The current detector may compare the bias current at current temperature 
with the bias current at the previous temperature to detect the local dip in bias current. 
Similarly, an optical power detector may compare the average optical power of the 
monitor photo-diode at current temperature with the average optical power of the 
monitor photo-diode at the previous temperature to determine if the optical power signal 
from the optical transmitter is at its crest. It will be evident to one skilled in the art that 
many other locking methods and techniques can be used to keep the laser temperature 
or pump current at the optimum point. For example, dithering the laser pump current 
and using a lock-in technique to keep the average pump current at the local minimum 
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location. Other methods could include monitoring the dynamic fluctuations in the laser 
pump current and using feedback control to minimize these small dynamic fluctuations. 
[0032] Figure 5 Illustrates a graph of example temperatures of an embodiment of 
the optical transmitter based upon receiving a feedback signal over time when a narrow 
band signal with an arbitrary wavelength is injected into the optical transmitter and the 
corresponding output graphs and eye diagrams. The first graph 502 illustrates seven 
different starting operating temperatures of the optical transmitter, temperatures 23.38, 
25.9, 27.35, 29.55, 32.43, 34.62, 41 .3 degrees Celsius, and three end temperatures, 
17.91, 27.35, 36.08 degrees Celsius where the resonant wavelength of the optical 
transmitter and the wavelength of the injected wavelength signal are wavelength 
locked. The second through fourth graphs 504-508 illustrate the output spectrum of the 
optical transmitter measured after temperature is stabilized. The fifth graph 51 0 
through the seventh graph 514 illustrate the eye diagrams after temperature is 
stabilized. 

[0033] As shown in the first graph 502, the starting the temperaiture of the optical 
transmitter may start at 23.38 degree Celsius. The temperature controller may adjust 
the temperature of the optical transmitter to 17.91 degrees, based on the feedback . 
signal from, for example, the current detector where the bias current has local 
decrease. When the starting temperature of the optical transmitter starts between 25.9 
and 32.43 degrees Celsius, the temperature controller adjusts the temperature of the 
optical transmitter to 27.35 degrees Celsius based on the feedback signal from the 
current detector. Also, when the starting temperature of the optical transmitter starts at 
41 .3 degrees Celsius, the temperature controller adjusts the temperature of the optical 
transmitter to 36.08 degrees Celsius based on the feedback signal from, for example, 
the optical detector. 

[0034] Note, the temperature controller could also adjust the temperature of the 
optical transmitter based on a combination of feedback signals from both the optical 
power detector and the current detector. 

[0035] An automatic power controller may also be used to control the bias current 
supplied to the optical transmitter and receive feedback signal from the optical power 
meter. The automatic power controller controls the average bias current flowing into 
the optical transmitter so that an average optical power received at the optical power 
monitor is maintained at approximately a maximum level. 

9 
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[0036] For an embodiment, the Fabry-Perot laser diode may have antirefleotive 
coating on one or more facets of the laser diode. 

[0037] Referring to Figure 1 , expected results from an experimental setup would be 
as follows. Merely, the bias current was controlled to maintain the average received^ 
optical power of the monitor photo-diode 122 at approximately a maximum level. 
Modulation current was provided at 125 Mb/s 27-1 psuedo-random bit sequence digital 
signals generated from the pulse pattern generator 128. The central wavelength and 
threshold current of the Fabry-Perot laser diode 116 used for the experiment were 1550 
nm and 8 mA respectively at 30 degrees, and both bias current and modulation current 
were 6mA. Also, the space between the cavity modes/oscillation modes of the Fabry- 
Perot laser diode 1 16 was about 0.8 nm. The band pass filter 108 had a 3-dB pass 
bandwidth of 0.4nm and a central wavelength of 1550.3nm. The optical coupler 110 
was a 2x2 optical coupler. Also, the optical spectrum analyzer 114 measured the 
spectrum of incoherent light injected through the optical switch and the output spectrum 
of the Fabry-Perot laser diode 116 through the 2x2 optical coupler 110. The optical 
power of received signals is controlled through a feedback loop that consists of optical 
power meter 122 and a computer 142. The Fabry-Perot laser diode 116 was directly 
modulated, however, the average current measurement value of the Fabry-Perot laser 
diode 116 could be determined with or without modulation. Figures 6A and 6B show 
experimental bit error curves based on the experimental setup. 
[0038] Figure 6A and Figure 6B illustrate example graphs of the curve of bit error 
ratio measured before and after applying the wavelength matching method shown in 
Figures 5A-5G. As shown in Figure 6a, the deviation of bit error ratio varied greatly 
according to temperature of the Fabry-Perot laser diode before application of the 
wavelength matching method. However, as shown in Figure 68, after application of the 
wavelength matching method, the bit error ratio at all temperatures of the Fabry-Perot 
laser diode became similar to the smallest bit error ratio before the application of the 
wavelength matching method. 

[0039] Figure 7 illustrates a block diagram of an embodiment of a wavelength- 
division-multiplexing passive-optical network using an optical transmitter cooperating 
with a controller and a detector. The example central office contains a first group of 
optical transmitters 701-703 emitting optical signals in a first band of wavelengths, a 
first group of optical receivers 704-706 to accept an optical signal In a second band of 
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wavelengths, a first group of band splitting filters 707-709, a wavelength-tracking 
component 730, a first 1xn bi-directional optical multiplexer/demultiplexer 712, a first 
optical coupler 715, a detector 727, a controller 732, a first broadband incoherent light 
source 714, and a second broadband incoherent light source 713. 
[0040] The first optical multiplexer/demultiplexer 71 2 spectrally slices a first band of 
wavelengths received from the first broadband incoherent light source 714 and 
demultiplexes a second band of wavelengths received from the second optical 
multiplexer/demultiplexer 71 6. Each optical transmitter In the first group of optical 
transmitters 701 -703 receives a discrete spectrally sliced signal In the first band, of 
wavelengths: 

[0041 ] One or more of the optical transmitters 701-703 have a resonance 
wavelength characteristic that varies with the refractive Index of the optical transmitter 
such as a Fabry-Perot laser diode. Each optical transmitter 701-703 receives the 
narrow band spectrally sliced signal from the incoherent light source 714. 
[0042] The controller 732 substantially matches a resonant wavelength of the 
optical transmitter, for example the first optical transmitter 701 , to the wavelength of the 
injected spectrally sliced signal by changing the refractive index of the optical 
transmitter. The controller 732 may change the refractive index of the optical 
transmitter by, for example, controlling the operating temperature of the optical 
transmitter or changing the bias current supplied to the optical transmitter. The detector 
727 measures a parameter of the optical transmitter 701 , such as the bias cunrent 
through the optical transmitter 701 or the optical power from the optical transmitter 701 , 
to provide a feedback signal to the controller 732 to determine when the resonant 
wavelength of the optical transmitter 701 and the wavelength of the Injected wavelength 
signal are substantially matched. 

[0043] Each optical receiver in the first group of optical receivers 704-706 receives 
a discrete demultiplexed signal in the second band of wavelengths. The first 
multiplexer/demultiplexer 712 couples to a first group of band splitting filters 707-709. 
[0044] A band splitting filter, such as the first broadband splitting filter 707, splits the 
first band of wavelengths and the second band of wavelengths signals to different ports. 
Each band splitting filter 707-709 couples to a given optical transmitter In the first group 
of optical transmitters 701-703 and a given optical receiver In the first group of optical 
receivers 704-706. For example, the first band splitting filter 707 couples a spectrally 
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sliced signal in the first band of wavelengths to the first optical transmitter 701 . Thus, If 
the wavelength of an input optical signal Is in first band of wavelengths, the output 
signal from the first band splitting filter 707 is passed to the port parallel to the input 
port. The first band splitting filter 707 couples a demultiplexed signal in the second 
band of wavelengths to the first optical receiver 704. Thus, in the case that the 
wavelength of Input signal is in the second band of wavelengths, the output port is, for 
example, orthogonal to the Input direction. 

[0045] The wavelength tracking component 730 includes an electrical or optical 
power summing device 71 0 and a temperature controller 71 1 . The. power summing 
device 710 measures the strength of an output signal of one or more of the optical 
receivers 704-706 to determine the: difference in the transmission band of wavelengths 
between the fii^t multiplexer/demultiplexer 712 and the second 
multiplexer/demultiplexer 71 6. The temperature controller 71 1 controls the operating 
temperature of the first optical multiplexer/demultiplexer 712 to maximize the strength of 
the measured output signal from the optical receivers 704-706. When the transmission 
band of wavelengths of the first multiplexer/demultiplexer 712 and the second 
multiplexer/demultiplexer 71 6 are matched, then the strength of the measured output 
signal from the optical receivers 704-706 is at its maximum. The temperature controller 
71 1 alters an operating parameter of the first multiplexer/demultiplexer, such as its 
temperature, based on the control signal to control the transmission band of 
wavelengths of the first multiplexer/demultiplexer. 

[0046] Thus, the multiplexed/demultiplexed transmission wavelength of the optical 
multiplexer/demultiplexers 712,716 located in the central office and the remote node 
can be locked to each other. The transmission band of wavelengths locking Is 
accomplished by tracking the demultiplexed wavelength from the remote node and then 
altering the transmission wavelength of the optical multiplexer/demultiplexer located in 
the central office. The transmission band of wavelength is altered by, for example, 
moving the temperature of the optical multiplexer/demultiplexer in the direction of 
maximizing the strength of light measured at a specific port of the optical 
multiplexer/demultiplexer located at the central office. 

[0047] The example remote node contains the second Ixn bi-directional optical 
multiplexer/demultiplexer 716. The second Ixn bi-directional optical 
multiplexer/demultiplexer 716 connects to the central office via a single optical fiber 
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728. The second 1xn optical multiplexer/demultiplexer 716 multiplexes and 
demultiplexes bi-directionally both the broadband optical signal containing the first band 
of wavelengths and the broadband optical signal containing the second band of 
wavelengths. The second 1xn optical multiplexer/demultiplexer 716 spectrally slices 
the second band of wavelengths from the second broadband light source 713. 
[0048] Generally, multiplexing may be the combining of multiple channels of optical 
information into a single optical signal. Demultiplexing may be the disassembling of the 
single optical signal into multiple discrete signals containing a channel of optical 
Information. Spectral slicing may be the dividing of a broad band of wavelengths into 
small periodic bands of wavelengths. 

[0049] Each example subscriber location, for example, the first subscriber location, . 
contains a band splitting filter 717, an optical transmitter 723 to emit optical signals in 
the second band of wavelengths, and an optical receiver 720 to receive optical signals 
in the first band of wavelengths. The second multiplexer/demultiplexer 71 6 to 
demultiplex the first band of wavelengths and spectrally slice the second band of 
wavelengths. The second multiplexer/demultiplexer sends these signals to each band 
splitting filter 717-719. The band splitting filters 717-719 function to split the input signal 
to an output port according to the input signal band. Each optical transmitter, such as 
the second optical transmitter 723, receives the spectrally sliced signal in the second 
band of wavelengths and aligns its operating wavelength for that optical transmitter to 
the wavelengths within the spectrally sliced signal. Components similar to controller 
732 and detector 727 for transmitters 723-725 may be present to aid in matching the 
wavelength of the transmitters 723-725 to injected wavelength. Each subscriber 
communicates with central office with a different spectral slice within the second band 
of wavelengths. 

[0050] The broadband light sources 713, 714 may be natural emission light sources 
that generate incoherent light. A 2x2 optical coupler 715 operating in both the first band 
of wavelengths and the second band of wavelengths couples the first broadband light 
source 714 and the second broadband light source 713 to the single fiber 728. The 
optical power directed into the first broadband light source 714 is terminated, while the 
other power propagates along the optical fiber cable so that each subscriber's optical 
transmitter 723-725 gets the broadband of light sliced by the Ixn optical 
multiplexer/demultiplexer 716 at the remote node. 
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[0051] The first broadband light source 714, such as an amplified-spontaneous- 
emission source, supplies the first band of wavelengths of light to a given optical 
transmitter in the first group of optical transmitters 701-703 in order to provide the 
narrow band spectral slice of incoherent light to that optical transmitter. Thus, the 
range of operating wavelengths for the group of transmitters 701-703 in the central 
office is matched to the operating wavelengths of the first multiplexer/demultiplexer 712 
in the central office via the injection of these spectrally sliced signals into each of these 
transmitters in the first group of optical transmitters 701-703. The wavelength locking of 
the each optical transmitter to the particular spectral slice passed through the band 
splitting filter can solve the large power loss on up-stream signals in the Ixn optical 
multiplexer/demultiplexer 712 due to the wavelength detuning depending on the 
temperature variation in the device at the remote node. In this way, the large power 
loss due to the misalignment between the wavelength of the signal from an optical 
transmitter 701 -703 and the transmission band of wavelengths of the 
multiplexer/demultiplexer 71 2 at the central office is minimized. 
[0052] Similarly, the second broadband light source 713 supplies the second band 
of wavelengths. of light to a given optical transmitter 723-725 to wavelength lock the 
transmission band of wavelengths of that optical transmitter in the second group. Thus, 
the operating wavelengths of the second group of transmitters 723-725 in the 
subscriber's local is matched to the range of operating wavelengths for the second 
multiplexer/demultiplexer 716 via the injection of these spectrally sliced signal into each 
of these transmitters in the second group of optical transmitters. The wavelength 
locking of the each optical transmitter to the particular spectral slice passed through the 
band splitting filter solves the large power loss on up-stream signals In the Ixn optical 
multiplexer/demultiplexer 716 due to the wavelength detuning depending on the 
temperature variation in the device at the remote node. In this way, the large power 
loss due to the misalignment between the wavelength of the signal from an optical 
transmitter 723-725 and the transmission band of wavelengths of the 
multiplexer/demultiplexer 716 at the remote node is minimized. 
[0053] For an embodiment, the transmission wavelength controller to control the 
transmission wavelengths of the passband for each channel of the first 
multiplexer/demultiplexer 712 may be a strain controller, voltage controller, a 
temperature controller, or other similar device. The transmission wavelength controller 
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alters an operating parameter of the first multiplexer/demultiplexer based on the control 
signal to control the transmission band of wavelengths of the first 
multiplexer/demultiplexer. 

[0054] For an embodiment, an optical-passive-network consists of non-power 
supplied passive optical devices without any active devices between the central office 
and optical subscribers. The topology structure of the optical distribution network may 
be a star topology that has the remote node with an optical multiplexer/demultiplexer 
placed near the subscribers, and plays a role to relay communications with the central 
office through a single optical fiber and to distribute signals to and from each of the 
subscribers through their own optical fiber. The second multiplexer/demultiplexer may 
be in a remote location such that the ambient conditions differ enough from the 
environment of the first multiplexer/demultiplexer to substantially alter the transmission 
band of wavelengths of the second multiplexer/demultiplexer when matched to the 
transmission band of wavelengths of the first multiplexer/demultiplexer. 
[0055] As discussed, the wavelength-division-multiplexing passive-optical network 
700 may use different wavelength bands in downstream signals, such as the first band 
of wavelengths, and up-stream signals, such as the second band of wavelengths, Thef 
down-stream signals may represent the signals from optical transmitters 701-703 in the 
central office to the subscribers and the up-stream signals may represent the signals 
from optical transmitters 723-725 in the subscribers to the central office. The 
wavelengths of the down-stream signals may be, for example, X1 , X2,... Xn and the 
upstream signals would be XV, X2*, Xn* but carried in a different band of wavelengths, 
where X1 and A,1 * are separated by the free spectral range of the 
multiplexer/demultiplexer. 

[0056] As discussed, the 1xn optical multiplexer/demultiplexer 716 has the function 
that an optical signal from a port in the left side is demultiplexed to the n number of 
ports in the right side. Further, the optical signals from the n-ports in the right side are 
multiplexed to a port in the left side simultaneously. The 1xn optical 
multiplexer/demultiplexer 716 spectrally splices the second band of wavelengths into 
narrow spectral widths of wavelengths. Because the optical multiplexer/demultiplexer 
can be operated on more than two bands of wavelengths, the bi-directionally 
propagated up-stream signals and down-stream signals In different bands can be 
multiplexed and demultiplexed at the same time. Each of the bands of wavelengths 
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operated on by the optical multiplexer/demultiplexer may be offset by one or more 
intervals of the free spectral range of the optical multiplexer/demultiplexer. 
[0057] Each optical transmitter may be directly modulated by, for example, electrical 
current modulation to embed information onto the specific wavelength transmitted by 
that optical transmitter. For an embodiment, one or more of the optical transmitters 
may be a Fabry-Perot semiconductor laser that is injected with the spectrum-sliced 
broadband incoherent light from an amplified-spontaneous-emission light source. For 
an embodiment, one or more of the optical transmitters may be a wavelength-seeded 
reflective semiconductor optical amplifier (SOA). One or more of the optical 
transmitters support high bit-rate modulation and long-distance transmission. A 
reflective SOA may also as act as the modulation device. The optical transmitters may 
be modulated, wavelength locked using wavelength seeding, provide signal gain for the 
wavelengths within the spectral slice and increase the extinction ratio between the 
injected wavelengths and wavelengths outside the spectral slice. 
[0058] For an embodiment, a broadband light source may be a light source based 
on semiconductor optical amplifiers, a light source based on rare-earth ion-doped 
optical fiber amplifiers, a light emitting diode, or similar device. 

[0059] For an embodiment, an optical multiplexer/demultiplexer can be achieved by 
an arrayed waveguide grating including an integrated waveguide grating, a device using 
thin-film filters, a diffraction grating, or similar device. The optical 
multiplexer/demultiplexer can also be a dielectric interference filter or similar device. 
[0060] For an embodiment, the second band of wavelengths may be a band of 
wavelengths having a spectral separation of between 5-1 00 nanometers apart from a 
peak wavelength of the first band of wavelengths. The spectral separation between the 
first band of wavelengths and the second band of wavelengths should be great enough 
to prevent the occurrence of interference between the filtered spectrally sliced 
downstream signal to a subscriber and the filtered upstream signal from that subscriber. 
[0061] Note, the specific numeric reference should not be interpreted as a literal 
sequential order but rather interpreted that the first band of wavelength is different than 
a second band of wavelengths. Thus, the specific details set forth are merely 
exemplary. 

[0062] Some additional embodiments may include: a single device may provide the 
function of both the first broadband light source and the second broadband light source; 
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the WDM PON may use more than two different bands of wavelengths; each 
multiplexer/demultiplexer may be an athennal arrayed waveguide grating; each 
multiplexer/demultiplexer may merely divide an input light signal rather than spectrally 
slice the input light signal; more than one remote node may exist; the controller may be 
a temperature controller, a power controller, or similar device; an optical transmitter 
may be operated continuous wave and modulated by an external modulator; etc. 
[0063] In the forgoing specification, the invention has been described with reference 
to specific exemplary embodiments thereof, it will, however, be evident that various 
rtiodifications and changes may be made thereto without departing from the broader 
spirit and scope of the invention as set fourth in the appended claims. The specification 
and drawings are, accordingly, to be regarded in an illustration rather then a restrictive 
sense. 
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CLAIMS 

We claim: 

1 . An apparatus, comprising: 

an optical transmitter having a resonance wavelength characteristic that varies 
with the refractive index of the optical transmitter, wherein the optical transmitter 
receives a narrow band injected wavelength signal from an incoherent light source; 

a controller to substantially match a resonant wavelength of tiie optical 
transmitter to the wavelength of the injected wavelength signal by changing the 
refractive Index of the optical transmitter; and 

a detector to measure a parameter of the optical transmitter to provide a 
feedback signal to the controller to determine when the resonant wavelength of the 
optical transmitter and the wavelength of the injected wavelength signal are 
substantially matched. 

2. The apparatus of claim 1 , wherein the optical transmitter having a resonance 
wavelength characteristic that varies with the refractive index of the optical transmitter is 
a Fabry-Perot laser diode. 

3. The apparatus of claim 2, wherein the controller is an automatic power controller 
and the detector is a photo-diode, and the an automatic power controller controls the 
average bias current flowing into the Fabry-Perot laser diode so that an average optical 
power received at the monitor photo-diode Is maintained at approximately a maximum 
level. 

4. The apparatus of claim 1, wherein the optical transmitter having a resonance 
wavelength characteristic that varies with the refractive index of the optical transmitter is 
a Fabry-Perot laser diode with antireflective coating on one or more facets of the laser 
diode. 

5. The apparatus of claim 1 , wherein the controller changes the operating temperature 
of the optical transmitter to change the refractive index of the optical transmitter. 
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6. The apparatus of claim 1 , wherein the controller changes the bias current supplied 
to the optical transmitter to change the refractive index of the optical transmitter. 

7. The apparatus of claim 1 , wherein the detector is an optical power monitor and the 
controller is a temperature controller that controls the direction and strength of 
temperature emitted from a thermo-electric cooler so that an average optical power 
received at the monitor photo-diode is maintained at approximately a maximum level. 

8. The apparatus of claim 1 , further comprising: 

a wavelength division multiplexer to route the narrow band wavelength to the 
optical transmitter. 

9. The apparatus of claim 8, further comprising: 

a broadband light source to supply a broadband wavelength signal to the 
wavelength division multiplexer and the wavelength division multiplexer spectrally slices 
the broadband wavelength signal. 

10. The apparatus of claim 8, wherein the wavelength division multiplexer and the 
optical transmitter are included in a passive optical network. 

1 1 . The apparatus of claim 7, further comprising: 

a power detector to measure bias current supplied to the optical transmitter; and 
an automatic power controller to control the average bias current flowing into the 
Fabry-Perot laser diode, wherein the average current flowing into the Fabry-Perot laser 
diode so that an average bias current supplied to the optical transmitter indicates a 
decreasing dip from a linear slope of the bias current. 

12. A method, comprising: 

injecting a narrow band wavelength signal from a broadband light source into an 
optical transmitter having a resonance wavelength characteristic that varies with the 
refractive index of the optical transmitter; 
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wavelength locking the resonant wavelength of the optical transmitter to the 
wavelength of the injected wavelength by shifting a refractive index of the optical 
transmitter; and 

monitoring a parameter of the optical transmitter to provide feedback signal to 
determine when the resonant wavelength of the optical transmitter and the wavelength 
of the injected wavelength signal are wavelength locked. 

13. The method of claim 12, further comprising: 

changing the temperature of the optical transmitter to wavelength lock the 
resonant wavelength of the optical transmitter to the wavelength of the injected 
wavelength signal. 

1.4. The method of claim 13, further comprising: 

controlling also the bias current supplied to the optical transmitter to wavelength 
lock the resonant wavelength of the optical transmitter to the wavelength of the injected 
wavelength signal. 

15. The method of claim 12, further comprising: 

monitoring the optical power emitted from the optical transmitter to provide a 
feedback signal to determine when the resonant wavelength of the optical transmitter 
and the wavelength of the injected wavelength signal are wavelength locked: 

16. The method of claim 12, further comprising: 

controlling the bias current supplied to the optical transmitter to wavelength lock 
the resonant wavelength of the optical transmitter to the wavelength of the injected 
wavelength signal. 

17. The method of claim 12, further comprising: 

comparing a previous current that had flown into the optical transmitter with the 
present current flowing into the optical transmitter to provide the feedback signal to 
determine when the resonant wavelength of the optical transmitter and the wavelength 
of the injected wavelength signal are wavelength locked. 



20 



wo 2004/0280' 




PCT/US2003/012649 



18. An apparatus, comprising: 

means for injecting a narrow band wavelength signal from a broadband light 
source into an optical transmitter having a resonance wavelength characteristic that 
varies with the refractive index of the optical transmitter; 

means for wavelength locking the resonant wavelength of the optical transmitter 
to the wavelength of the injected wavelength by shifting a refractive Index of the optical 
transmitter; and 

monitoring a parameter of the optical transmitter to provide feedback signal to 
determine when the resonant wavelength of the optical transmitter and the wavelength 
of the injected wavelength signal are wavelength locked. 

1 9. The apparatus of claim 1 8, further comprising: 

means for changing the temperature of the optical transmitter to wavelength lock 
the resonant wavelength of the optical transmitter to the wavelength of the injected 
wavelength signal. 

20. The apparatus of claim 1 8, further comprising: 

means for monitoring the optical power emitted from the optical transmitter to the 
provide feedback signal to determine when the resonant wavelength of the •optical 
transmitter and the wavelength of the injected wavelength signal are wavelength 
locked. 

21 . The apparatus of claim 1 8, further comprising: 

means for controlling the bias current supplied to the optical transmitter to 
wavelength lock the resonant wavelength of the optical transmitter to the wavelength of 
the injected wavelength signal. 
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